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Abstract Characteristics of a cold-core eddy and its
influence on the mesozooplankton community were
studied along the central (8§7° E) Bay of Bengal during
winter monsoon (November 2008) based on in situ data.
The thermo-haline structure and the satellite-derived sea
level anomaly maps showed the presence of a cyclonic
eddy between 16° N and 20° N. The nutrient enhance-
ment due to the eddy pumping in the euphotic column
(~50 m) had resulted in high chlorophyll @ concentra-
tion, a factor of 8 times higher than that outside the eddy,
which led to higher mesozooplankton biovolume (0.35
+0.36 ml m ) and abundance (276+184 ind m ). The
northern cyclonic eddy (NCE) seems to exist for ap-
proximately 6 months between July and January. During
summer, the NCE is forced by local wind stress curl and
the resultant Ekman pumping, whereas during fall and
early phase of the winter, it is sustained by westward
propagating semi-annual Rossby waves. The longer
existence of NCE in the study region, which originated
6 months prior to the present observation, provides a
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favourable environment for the mesozooplankton com-
munity to grow and reproduce, resulting in noticeable
increase in the biovolume. Hence, the persistent and
longer existence of NCE significantly influences the
biological production of the generally oligotrophic
BoB, making it locally biologically ‘active’.

Keywords Cyclonic eddy- Wind stress curl - Rossby
waves - Nutrients - Chlorophyll - Zooplankton - Winter
monsoon - Bay of Bengal

Introduction

The Bay of Bengal (BoB) is a semi-enclosed tropical
basin situated in the eastern part of the Indian Ocean.
The BoB is under the influence of seasonally reversing
monsoon winds, which are southwesterly during the
summer (June—September) and northeasterly during
the winter (November—February), and is impacted re-
motely by the zonal winds from the equatorial Indian
Ocean (McCreary et al. 1993). In addition, the BoB
receives large quantities of fresh water both from rainfall
and river runoff, and here, the precipitation exceeds
evaporation (Prasad 1997; Rao and Sivakumar 2003).
The major rivers such as Ganges, Brahmaputra, Goda-
vari and Irawaddy discharge about 1.5x10'* m* of fresh
water into the BoB (UNESCO 1988) while the
suspended sediment associated with the river discharge
is estimated to be 1.38x10° ton year ' (Subramanian
1993). The excess precipitation and large river runoff
considerably reduce the salinity in the upper layers of
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the basin, particularly in the northern region (Nuncio
and Prasanna Kumar 2012).

Generally, the BoB is considered to sustain low bio-
logical production (Qasim 1977; Madhu et al. 2002).
The suggested possible reasons for the low production
are cloud cover, large sediment load, narrow shelf, sta-
ble stratification and weak winter cooling (Qasim 1977,
Senguptha et al. 1977; Radhakrishna et al. 1978; Gomes
et al. 2000; Madhupratap et al. 2003; Jyothibabu et al.
2004). However, episodic events such as cyclones
(Madhu et al. 2002; Vinayachandran and Mathew
2003; Maneesha et al. 2011; Jyothibabu et al. 2015)
and mesoscale features like cyclonic eddy, ranging in
kilometres and persistent for days to months, are capable
of enhancing the biological production of the oligotro-
phic BoB, by introducing nutrients from subsurface
waters to the surface. Observations on eddies from
different parts of the world oceans have also reported
enhanced biological production in response to such
mesoscale features (Falkowski et al. 1991; Allen et al.
1996; McGillicuddy et al. 1998; McNeil et al. 1999;
Robinson et al. 1993; Aristegui et al. 1997; Letelier et al.
2000; Moran et al. 2001; Barth et al. 2001; Garcia et al.
2004). Several studies have documented the existence of
eddies in the BoB during different seasons (Ramasastry
and Balaramamurty 1957; Rao and Sastry 1981;
Legeckis 1987; Babu et al. 1991, 2003; Murty et al.
1993, 2000; Shetye et al. 1993; Sanilkumar et al. 1997,
Madhusoodhanan and James 2003; Prasanna Kumar
et al. 2002, 2007; Muraleedharan et al. 2007; Kurien
etal. 2010; Nuncio and Prasanna Kumar 2012). Recent-
ly, Jyothibabu et al. (2015) have studied the phytoplank-
ton size structure of the cyclonic/anticyclonic eddies
developed as meanders of Summer Monsoon Current
(SMC) in the southern BoB.

However, detailed observations explaining the phys-
ical, chemical and biological attributes associated with
eddies are few. The majority of the observations on eddy
and its implications are limited to measurements of the
primary producers; studies explaining the
mesozooplankton community structure are very few.
Murty et al. (2000) demonstrated the effect of vertical
stability and mesoscale circulation patterns on the spa-
tial distribution of deep chlorophyll maximum (DCM)
and its concentration in the BoB. Recently, Prasanna
Kumar et al. (2010) have reported the influence of
cyclonic eddies on sustaining moderate amount of chlo-
rophyll biomass and productivity almost throughout the
year. The cyclonic eddies have also been reported to
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sustain high mesozooplankton standing stock (biomass,
abundance and diversity) in the BoB (Muraleedharan
et al. 2007). Veronica (2008) has reported that such
episodic events enhance the production of BoB to the
extent which is comparable with that of the Arabian Sea.
Nuncio (2007) analysed the characteristics of the
cyclonic eddies in the central BoB at 88° E and along
the western shelf and suggested that baroclinic instabil-
ity is the key mechanism controlling their formation.
However, details on the formation and propagation
mechanisms of the eddies, their frequency of occurrence
and life span (developing, maturing and collapsing
stages) in the BoB are crucial to assess their relative
importance on the biogeochemical processes of this bay
ecosystem. Understanding of how the mesoscale eddies
may affect the mesozooplankton biomass and commu-
nity structure will enhance our perception of carbon
cycling and sequestration, in the BoB, which is consid-
ered to be an oligotrophic environment where the total
biological production is relatively low. In this study, we
provide in situ hydrographic evidences describing the
dimension and spatial extent of a long-lived large cy-
clonic eddy in the northern BoB during early winter of
2008 and its impact on biological production in terms of
mesozooplankton biovolume and composition.

Materials and methods

Observations were made on board FORV Sagar
Sampada (SS-259 cruise), between 5° 48’ N and 21°
N along 87° E in the BoB during the winter monsoon
(19" to 30™ November) of 2008, from eight stations,
spaced approximately at a distance of 2° between the
stations (Fig. 1). Surface meteorological parameters
(wind speed, wind direction, air temperature and atmo-
spheric pressure) were measured using shipboard auto-
mated data acquisition system. A Sea-Bird CTD (con-
ductivity-temperature-depth) 911 plus was operated to
obtain the vertical profiles of temperature (accuracy
+0.001 °C) and salinity (conductivity £0.0001) in the
upper 1000 m water column with a bin size of 1 m.
These data were subjected to quality check by Sea-Bird
data processing software. CTD salinity data were cali-
brated against water collected simultaneously and
analysed onboard using a Guildline 8400 Autosal. The
skin layer temperature was measured using a bucket
thermometer (accuracy +0.1 °C) at each station. In the
present study, the mixed layer depth (MLD) was taken
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Fig. 1 Central Bay of Bengal, 25§
showing the hydrographic and
biological stations on the
bathymetric chart. Black dots
represent the station locations
during the study period. During
the cruise, observations were
made from the southern side to
northern side of the Bay of Bengal

10

as the depth at which the density (00/0z) increased by
0.2 kg m > from its surface value (Shetye et al. 1996;
Sabu and Revichandran 2011). The thermocline is the
transition layer between the mixed layer and the deep
water. In the present study, the depth of 15 °C isotherm
was considered as the representative depth of bottom of
thermocline (Madhupratap et al. 2003).

Water samples were collected from seven discrete
depths (surface, 10, 20, 50, 75, 100 and 120 m) using
Niskin samplers attached to CTD rosette. SKALAR
Autoanalyser (Model SA-1050) installed onboard was
used to estimate the dissolved nutrients (nitrite, nitrate,
phosphate and silicate) following standard procedures
(Grasshoff et al. 1983). For chlorophyll a (Chl a)

g

estimation, 2 L of sea water was filtered through
‘Whatman GF/F filter (47 mm). The photosynthetic pig-
ments retained on the filters were extracted in 90 %
acetone and estimated spectrophotometrically
(Strickland and Parsons 1972). Column values of Chl
a were calculated by integrating discrete depth values
from surface to 120 m. The mesozooplankton samples
within MLD and thermocline depth were collected with
a Multiple Plankton Net (HydroBios, mesh size 200 pum,
mouth area 0.25 m?), and the biovolume was estimated
by displacement volume method.

In addition to the ‘in situ’ data, we also used satellite
SST from TRMM/TMI (1/4°%1/4°, www.ssmi.com),
Quikscatteraometer (QuickSCAT, www.ssmi.com)
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winds (1/2°x1/2°) and merged sea-surface height
anomalies (SSHA, 1/3°x1/3°) of Topex-Posiedon/ERS
1/2/Jasonl (www.aviso.oceanobs.com). From SSHA’s,
the residual sea-surface geostrophic velocity compo-
nents (U’ and V') were computed. We also used the
monthly composite wind vector (scalar wind speed with
corresponding u and v component) from the QuikSCAT
to compute the curl of the wind. The wind stress was
then calculated using a constant drag coefficient (1.2
103 and air density (1.3 kg m>). Ekman pumping was
calculated using the equation,

W, = Curl(r)/pf (l)

where 7 is the surface wind stress, p is the density of sea
water and f'is the coriolis parameter. Theoretical phase
speed of the Rossby wave was computed using the
equation (Gill 1982; Jury and Huang 2004),

C =%y (2)

where (3 is the meridional gradient of f; g’ is the reduced
gravity and H is the thermocline depth with values
assumed to be 5=221x10"", g'=0.02, ,=1.8x10""!
and H=150 m for 17° N (observation). Monthly com-
posite ocean colour imageries (4-km resolution) from
MODerate resolution Imaging Spectrometer (MODIS)
(http://oceancolor.gsfc.nasa.gov/cgi/13) were also
analysed to understand the Chl « distribution in the
eddy region. Euphotic depth (Z,,) was computed from
the MODIS data (Morel and Berthon 1989) using the
expression,

Zew = 568.2(Cior) "* for Zeu < 102and 3)
Zew = 568.2(Cior) "*” for Zeu > 102

Ciot 1s the total pigment content within the euphotic
layer depth (0 to Zeu).

Results
Physical parameters

The atmospheric conditions that prevailed in the BoB
during the present study represent the general charac-
teristic feature of the winter monsoon. The average
wind speed along 87° E (5° to 20° N) was 8 m s ',
and north of 20° N weak winds (2.5 m s~ ') prevailed
(Fig. 2a). Wind direction was predominantly easterly
between 6° and 11° N and north of 11° N it was
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northeasterly (Fig. 2b). The distribution of winds from
the satellite during the study period correlated well
with the observed data (figure not shown). Air tem-
perature showed a gradual decrease from 29 °C in the
south to 24.8 °C in the north and the diurnal variation
was ~1 °C (Fig. 2¢). In contrast to air temperature, the
atmospheric pressure showed a clear semi-diurnal var-
iation with a steady increase towards the north from
1005 mb at 5° 45’ N to 1015 mb at 20° 30’ N
(Fig. 2d).

Vertical distribution of water temperature along 87° E
showed warm (>29 °C) and thick isothermal layer
(~50 m) south of 10° N. However, with increasing
latitudes, the temperature in the isothermal layer showed
a gradual decrease and was about 1.5 °C colder than in
the south (Fig. 3a). Satellite-based SST distribution also
showed prominent variation between south (~29.2 °C)
and north (~28.2 °C) (figure not shown). The most
important feature in the thermal structure was the dom-
ing of isotherms centred between 16° and 20° N which
was more prominent in the subsurface layers (<40 m).
The 25 °C isotherm in the doming region shifted from a
depth of 90 m at 14° N to 50 m at 18° N, showing a
vertical displacement of 40 m. The maximum vertical
displacement of the 25 °C isotherm at 18° N indicates
the approximate position of the centre of the doming.
The intensity of the doming decreased with depth, and
below 300 m the undulations in the isotherms were not
evident (not shown).

In the BoB, the variations of temperature and salin-
ity are not uniform particularly in the north due to
river runoff and precipitation during the summer.
Hence, the criteria for defining the MLD were based
on density variation rather than temperature or salinity.
In general, the mixed layer depth was shallow, espe-
cially in the south. The mixed layer was 17 m at 5° 48’
N, which gradually increased to 48 m at 16° N and
then sharply decreased to 31 m at 18° N. Further north
at 20° N, it deepened to 47 m and again shoaled to
16 m at 21° N (Fig. 3a). The doming feature observed
in the region between 16° and 20° N decreased the
mixed layer by about 18 m at the centre of the doming
(18° N).

The vertical distribution of salinity showed the pres-
ence of low saline water (29-32.4) in the upper 30 m
between 18° and 21° N. As a result, salinity distribution
showed strong vertical and horizontal gradients in this
region (Fig. 3b). The low saline water observed in the
north may be due to the fresh water discharge from the
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Fig.2 Latitudinal variation of a wind speed (ms '), b wind direction (deg), ¢ air temperature (°C) and d atmospheric pressure (mbar) from

19th to 30th November 2008. Black dots represent observation points

river Ganges. The surface salinity was at its maximum
of 33.6 from the southernmost station (5° 48’ N) to 15°
N. Also, the salinity between 100- and 300-m columns
was found to be spatially uniform (figure not shown).
Consistent with the thermal structure, the isohalines also
showed doming and this was visible below 30-m depth,
centred between 16° and 20° N. The doming of
isohalines at 18° N increased the salinity at 50-m depth
by 0.4 and the 33.6 contour was pushed down to about
50-m depth in the centre of the depression. The density
distribution also showed the doming feature between
18° and 20° N, coinciding with the distribution pattern
of temperature and salinity (Fig. 3c).

Chemical parameters

Corresponding with the thermo-haline oscillations, the
vertical distribution of dissolved oxygen (DO) also
showed fluctuations below 40-m depth, between 16°
and 20° N. The 2 ml L™' DO contour shoaled from a
depth of about 100 m at 14° N to 50-60 m at the centre
of doming (18° N), showing a vertical displacement of
40 to 50 m (Fig. 3d). Also, a sharp decrease of DO from
48mlL " at40mto 0.8 mlL ™" at 65 m was observed in
the doming region. The nitrate concentration in the
upper 35-m water column was at an undetectable level
except at the centre of the doming whereas it was
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0.1 uM. However, some fluctuations in nutricline were
clearly seen (Fig. 3e). The doming at 18° N had resulted
in appreciable enhancement of nitrate in the euphotic
column (~50 m). The 2-uM isopleths located at 55-m
depth at 13° N shoaled to about 30 m further towards
north. The phosphate concentration in the upper 40 m
was also at an undetectable level, but showed doming
features at deeper depths between 16° and 20° N
(Fig. 31). The vertical distribution of silicate, like nitrate,
showed increasing concentration with depth. The sta-
tions north of 16° N recorded higher values of surface
silicate with maximum (10 uM) at 21° N (Fig. 3g),
which was due to the riverine discharge as is evident
from the salinity distribution. The doming features were
also more pronounced in the silicate distribution be-
tween 16° and 20° N. Hence, consistent with the
thermo-haline doming, the vertical distribution of nutri-
ents also showed prominent oscillation in the upper
water column.

Biological parameters
Chlorophyll a

The vertical distribution of Chl @ (Fig. 3h) was consis-
tent with that of the thermo-haline and nutrient struc-
tures. Chl a concentration in the surface varied and was
higher (0.21+0.02 mg m ) in the doming region (be-
tween 16° and 20° N) compared to the region between
8° N and 14° N (0.01+0.001 mg m>) (Fig. 3i). In
agreement with the in situ observations, the Chl a de-
rived from the satellite imageries (MODIS Aqua) along
87° E also showed a higher concentration (>0.5 mg m )
between 16° and 20° N during October—November
2008 (Fig. 4a, b). The column-integrated Chl a (upper
120 m) also showed a similar pattern, with low concen-
tration (3+0.8 mg m ?) between 8° N and 14° N
(Fig. 5a). North of 14° N, the areal chlorophyll concen-
tration was exceptionally high (25.7+3.6 mg m 2), and
the maximum (29.4 mg m™?) was observed at 18° 45' N.
The DCM was located at about 75-m depth in the south
(13°46' N) and shoaled to 45 m in the north (18° 45" N),

with a concentration as high as 0.4 mg m ™.

Mesozooplankton biovolume and composition
The mesozooplankton biovolume and abundance in the

mixed layer of the doming region (16°-20° N) was
considerably high (av. 0.35+0.36 ml m >) compared to
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Fig. 3 Vertical distribution of temperature, salinity, density, dis- p>

solved oxygen (mL L"), nitrate (um), phosphate (um), silicate
(um) and Chl a along 87° E during the study period and mean
distribution of Chl a in the NCE region and non-eddy region.
Black dots represent sampling points. Black continuous line in a
represents MLD

that at 13° 46’ N (0.09 ml m ). However, the thermo-
cline layer in the doming region sustained low
biovolume (av. 0.09+0.05 ml m ) than the mixed layer
(Fig. 5b). Correspondingly, the numerical abundance
was also higher in the mixed layer (av. 277+
184 ind m>) than in the thermocline layer (av. 114+
94 ind m ) and also outside the doming region (av. for
mixed layer 128491 ind m >, av. for thermocline layer
71414 ind m®). It was also observed that the
biovolume as well as the numerical abundance in the
mixed layer was high (0.77 ml m > and 472 ind m >,
respectively) at the northern side (20° N) of the doming
than at the centre (18°N; 0.19 ml m > and 105 ind m73,
respectively). On the other hand, a reverse trend was
observed in the thermocline layer where high
mesozooplankton standing stock was observed in the
centre of the doming region (biovolume 0.14 ml m >,
numerical abundance 223 ind m °) than the northern
region (0.10 ml m; 59 ind m ™).

Among the major mesozooplankton taxa, Copepoda
dominated in the mixed layer of the doming region (av.
225+144 ind m>), contributing to 81 % of the total
abundance in the doming region (16°-20° N). However,
the maximum abundance of this taxon was observed in
the northern periphery of the doming region
(371 ind m™?), coinciding with the maximum
biovolume. On the other hand, in thermocline layer,
though the numerical abundance of Copepoda was con-
siderably low (av. 10691 ind m ™), its contribution
accounted for 94 % (211 ind m ) of the total abundance
in the centre of the doming. Outside the doming region,
its abundance was considerably low and also differed
between the mixed layer (45 ind m ) and the thermo-
cline layer (75 ind m ).

The contribution of non-copepod taxa in the dom-
ing region, on average, was 51 ind m >, showing
significant variations between the mixed and thermo-
cline layers (Table 1). In the mixed layer,
Appendicularia was the second abundant group, hav-
ing maximum abundance in the northern side of the
doming (35 ind m>), followed by Chaetognatha
(20 ind m?), Amphipoda (7 ind m ) and
Euphausiacea (4 ind m ). Ostracoda occurred in
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Fig.4 Distribution of monthly mean Chl a (mg m ) in the BoB during a October, b November and ¢ December 2008. Red circle represents

the NCE region

considerable numbers only in the centre of the dom-
ing, both in the mixed and thermocline layers (10 and
5 ind m >, respectively). However, gelatinous groups
such as Medusa (12 ind m*), Siphonophora
(7 ind m ) and Salpa (3 ind m ) occurred in fairly
good numbers only in the mixed layer at 20° N.

Discussion
Formation and sustenance of cyclonic eddy

The doming feature observed in the thermo-haline struc-
ture between 16° and 20° N strongly suggests the

@ Springer

presence of a physically mature cyclonic eddy in the
study region. The presence of the cyclonic eddy (re-
ferred to hereafter as the NCE) was further confirmed by
considering the 7-day average SSHA along with geo-
strophic currents during the study period. The NCE,
centred at 18° N and 86° E, was found embedded in a
large cyclonic circulation between 85° and 89° E and
16° and 20° N belt (Fig. 6a). It was approximately
300 km in diameter, depressed the sea level by about
20-25 cm and rotating with a speed of about 50—
70 cm s '. The most distinct feature of the NCE was
its longer life span, approximately 6 months (Fig. 6b),
which developed in July (summer), grew in size and
intensity in the subsequent months and dissipated in
January (winter). This clearly indicates that the NCE
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Fig. 5 Latitudinal variation of a < 30 a 0 —_
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during the study period was approximately 4 months diagrams of SSHA along 87° E for the years 2005—
old. Similar long-lived eddies (2 to 5 months) have been 2009 from January to December suggest that a NCE

reported earlier from the southern BoB during the spring spins up regularly in the northern BoB. Also it is evident
inter-monsoon in 2003 (Prasanna Kumar et al. 2007; that the NCE is an annual recurring feature within the
Nuncio and Prasanna Kumar 2012). Hovmdller latitudinal belt of 16°-20° N during early winter

Table 1 Composition of mesozooplankton groups (in percentage) in the mixed layer depth and the thermocline layer

Groups Mixed layer (ind m> ) Thermocline layer (ind m73)

13°46' N 16°45'N 18°45'N 20°N 13°46'N 16°45'N 18°45'N 20°N

(outside the doming region) (Doming region) (outside the doming region) (Doming region)
Copepoda 45 222 33 372 75 52 211 55
Chaetognatha 6 7 7 20 2 3 3 2
Ostracoda 0 0.08 10 0 14 0.37 5 0
Decapoda 14 0.42 0.25 0.17 0.14 0.25 0.29 0.02
Amphipoda 1.21 0.25 0.51 75 0.31 0.03 0.40 0.18
Euphausiacea  1.30 4.8 1.8 4.08 046 0.75 0.29 0.68
Appendicularia 2.3 5.62 0 355 034 0.5 1.1 0
Polychaeta 2.7 0.42 0.64 4.6 0.32 0.62 0.23 0.72
Medusa 0.69 1.62 0 12 0 0.22 0.58 0.42
Siphonophora 1.4 3.06 0.77 7.14 032 0.97 0.52 0.15
Salpa 1.04 0 0 3.06 043 0 0 0
Fish larvae 0 0 0.39 1.5 0.02 0 0.14 0.08
Fish eggs 0 0 0 051 028 0.06 0 0
Foraminifera 0 7.6 0 0 0 1.5 0 0
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(Fig. 6¢). The NCE is forced twice annually, initially in
July—September and later in October-November as
depicted from the strong signals along the study area
(87° E, Fig. 6¢). The duration of existence (~6 months)
of NCE during 2007 and 2008 (Fig. 6¢) suggests that
NCE sustains in the area for a longer period.

Three forcing mechanisms appear to be responsible
for the eddy generation in this area, which are (i) the
interaction of the large-scale currents with the bottom
topography, (ii) local baroclinic instability and wind
forcing, and (iii) coastally trapped Kelvin waves along
the periphery of the BoB and westward propagating
Rossby waves (Nuncio and Prasanna Kumar 2012). A
closer examination of the bathymetry using ETOPO
data (5-m resolution) and the location of the NCE ruled
out the possibility of bottom topographic changes for
triggering the NCE (Babu et al. 1991; Nuncio 2007).
Therefore, we analysed the relative importance of the
other two mechanisms for triggering the NCE and sus-
taining its existence.

It is well known that the local wind stress plays an
important role in driving the Ekman pumping and
associated divergence in the near-surface layers lead-
ing to the uplifting of isotherms in the thermocline
layer. To check whether the NCE and the large patch
of low SSHA were forced by local wind stress, we
examined the wind stress curl and the resultant Ekman
pumping velocity (#.) in the region (averaged be-
tween 86° E and 88° E) during 2008. The compara-
tively strong positive wind stress curl (4x1077 Nm )
observed between 17° and 19° N was found to coin-
cide spatially with the low SSHA. The curl-induced
strong Ekman pumping (7x107° ¢cm s '), producing
divergence in the upper water column, which was
balanced by the localized upwelling and eventually
led to the formation of NCE during July—September
(Fig. 7a, b).

In order to confirm this, we analysed the wind stress
curl (i.e. a proxy for the Ekman pumping) in the NCE
region (16-20° N and 86-88° E) from January to De-
cember for the years 2005-2009. The observed positive
wind stress curl and Ekman pumping (June to Septem-
ber) during all the analysed years (Fig. 7c) showed a
similar pattern in the NCE region, suggesting that the
local wind stress curl in terms of Ekman pumping was
the dominant driving force behind the formation of NCE
during summer. However, the longer existence of the
NCE during 2007 and 2008 and comparatively shorter
existence (June to July) during 2005, 2006 and 2009

@ Springer

Fig. 6 a Snapshots of SSHA in the BoB during 21st and 26th p>

November 2008 (black dot in the figure represents in situ loca-
tions). b Monthly variation of SSHA from April 2008 to
March 2009 and ¢ monthly mean SSHA variation along 87° E
during 2005-2009 from January to December (horizontal black
line represents the existence period of NCE along our study area)

(marked with red line in Fig. 6b) suggest that the inter-
annual variability of the wind forcing and the wind
stress curl (Fig. 8) significantly influenced the forcing
of the NCE in the BoB during summer (July—Septem-
ber). On contrary, during October—December, the wind
stress curl was negative in the NCE region, indicating
that the influence of wind stress curl beyond summer
was weak. Therefore, we examined the role of the third
forcing mechanism, i.e. Rossby waves for sustenance of
NCE beyond summer.

In order to understand the signature of the most
energetic semi-annual propagating Rossby waves in
the study region, we filtered the 180-day oscillation
in the SSHA using a low pass filter. The time-
longitude plot of 180-day signal of SSHA along 17°
N is shown in Fig. 9a. The Hovmuller diagram of the
low frequency part clearly shows a continuous west-
ward propagation of a low SSHA signal along 17° N.
This implies the existence of the westward propagating
semi-annual Rossby waves in the study region. The
signatures of westward propagation of low SSHA was
evident in other years as well (e.g. Fig. 9b). These
propagations extended from around 92° E of the BoB
up to the study region (87° E). The westward propa-
gating signal at 17° N took about 120 days (August to
November) to travel from 92° E to the study area,
which implies a speed of 0.042 m s '. The theoretical
baroclinic semi-annual Rossby wave phase speed at
17° N calculated using the expression given by Jury
and Huang (2004) is 0.041 m s™'. The estimated
Rossby wave speed is in agreement with that expected
from the theory (Gill 1982). The 180-day signal of
SSHA along 18° N also showed the same signal,
confirming the presence of Rossby wave signal in
the NCE region. Thus, the eddy observed during the
early winter may be associated with the westward
propagating semi-annual Rossby waves in the northern
BoB. These waves appear to originate from an equa-
torial Kelvin wave excited by the summer southwest
monsoon wind (Yu et al. 1991). The energy imparted
by these winds propagate as Kelvin waves and further
propagate along the eastern rim of the BoB as coastal
Kelvin waves and subsequently radiate westward as
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Rossby waves (Potemra et al. 1991). Rao et al. (2010)
reported the signatures of the upwelling Kelvin waves
along the eastern and the northern rims of the BoB
during August-September. Vinayachandran et al.
(1996) also reported the occurrence of northward prop-
agating Rossby waves in the BoB during August.

It is assumed that the baroclinic disturbance due to
the passage of this wave may displace the pycnocline
upward and results in the sustenance of the NCE. This
indicates that the longer period of existence of the NCE
is supported by multiple forcing mechanisms, subse-
quently acting one after another. Local wind stress curl
and the resultant Ekman pumping is the primary im-
portant forcing during the summer (July—September)
while during fall (October) and early phase of the
winter (November and December) it was the westward
propagating Rossby waves. Furthermore, the westward
propagating signal clearly shows an amplification to-
wards east of our study area (i.e. around 87° E). This
may be speculated as due to the baroclinic supply of
energy from the background state of the ocean. How-
ever, more analysis would be required to fully under-
stand the complete mechanism of the origin and suste-
nance of the eddy.

Biological response to the NCE
NCE on phytoplankton

Analyses of Chl a indicate that NCE significantly influ-
ences the phytoplankton concentration of the region.
The integrated nitrate, phosphate and silicate concentra-
tions were considerably higher in the upper 120 m of
NCE compared to other stations. The upsloping of
nutrient-rich waters to upper layers (uplift of 40 to
50 m) in the NCE region was evident from isopleths
of nutrients and DO, which were in accordance with the
thermo-haline oscillation. The observed high surface
(>0.2 mg m ) and column Chl @ (25.7+3.6 mg m 2,
~8 times higher than non-eddy location) in the NCE
region signifies the response to nutrient enrichment in
the euphotic zone. The high column Chl @ in the NCE
region supports the fact that subsurface increase is a
general feature of the BoB. In accordance with the
present study, other observations from the same region
have shown that the enhancement of chlorophyll was
more at the subsurface layers rather than at the surface
(Prasanna Kumar et al. 2004, 2007, 2010). Nuncio and
Prasanna Kumar (2012) in their study have attributed

the stability of the water column to be the reason for the
low surface values. They also suggested that when
stratification is weak the mesoscale eddies are capable
of upwelling the nutrients to the surface layers.

The proliferation of phytoplankton in response to
nutrient enrichment results in increased Chl @ concen-
tration in the NCE region. Simultaneous enhancement
of both small and large phytoplankton cells in response
to nutrient enrichment is a common phenomenon. Chen
(2000) observed both large and small phytoplankton
cells in upwelling region in the southern East China
Sea and suggested that relative abundance of these cells
may vary with the source of nitrogen as well as the
phase/age of the eddy. However, earlier studies from
the region have reported that in general, diatoms formed
the major component of the phytoplankton community
(Madhu et al. 2006). Recent study from the southern
BoB, reported that although smaller phytoplankton were
dominant in the total Chl, the contribution of large
phytoplankton was exceptionally high in the regions
under the influence of SMC and associated eddies
(Jyothibabu et al. 2015). In addition, the DCM, which
was located between 60- and 80-m depth in the BoB,
became shallow and more intense due to eddy pumping,
resulting in high Chl a production (29.47 mg m ?), par-
ticularly in the centre of the NCE than the peripheral
regions (south 25.35 and north 22.25 mg m™?).

In order to understand the impact of such long-lived
eddies on phytoplankton concentration of the region, we
analysed weekly averaged data of Chl a derived from
MODIS. The satellite data showed high chlorophyll
concentration (>0.35 mg m °) during the period from
October to December. Due to extensive data gaps in the
MODIS Chl a, especially over the northern BoB for a
good part of the summer monsoon, analysis for these
months could not be included. For this reason, several in
situ data from earlier studies from this region were
considered to get a clear picture of the Chl @ concentra-
tion during the summer monsoon. It was found that Chl
a concentration during the summer was approximately
0.28 mgm > (Madhupratap et al. 2003; Prasanna Kumar
et al. 2010; Jyothibabu et al. 2008). Furthermore,
monthly mean MODIS Chl a from 2004 to 2008 for
the month of November showed high Chl a in the NCE
region during all these years. The year-wise comparison
of Chl a values for the 2004, 2005, 2006, 2007 and 2008
were 0. 26, 0.18, 0.23, 0.36 and 0.22 mg m_3, respec-
tively (av. 0.25 mg m ). The Chl a values for all these
years were in agreement with the in situ observations
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which could explain the positive influence of NCE in
the study region (Fig. 9).

NCE on mesozooplankton

Biovolume and composition The high mesozooplankton
biovolume (0.35+0.36 ml m ) and numerical abun-
dance (277+184 ind m>) observed in the mixed layer
of the NCE region can be attributed to the high Chl a.
Studies by Muraleedharan et al. (2007); Veronica (2008)
in the cyclonic eddy region of Northern BoB also report-
ed a positive response of the mesozooplankton to Chl a,
similar to the present observation. However, these studies
focused mainly on the copepod assemblages and zoo-
plankton standing stock, whereas in the present study,
variations in the composition of major zooplankton
groups even within the NCE were a noticeable feature,
and therefore, this provides the first report on the
mesozooplankton community structure in the NCE.

The interesting feature observed was that the periph-
eral region of the NCE (20° N) sustained comparatively
high mesozooplankton standing stock, in terms of
biovolume (0.77 ml m°), abundance (472 ind m )
and number of groups (~17). The annual average of

Fig. 9 Propagation of semi-
annual Rossby waves along 17° N
during the period a June—
December 2008 and b during
June—December 2009 (black line
represents the propagation of low
SSHA ( x10' cm))
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the mesozooplankton standing stock was reported to be
032mlm> (Jyothibabu et al. 2008) and the increase in
biovolume in this context was noticeably high in the
peripheral region. This phenomenon could be attributed
to the frontal characteristics of the edges that support
the sustenance of planktonic standing stock (Franks
1992). Studies have explained that frontal regions have
always been associated with high phytoplankton stand-
ing stock resulting from convergence and are
favourable foraging area for predators. Attraction to
food commonly accounts for the aggregation of organ-
isms at or near the fronts and can also mechanically
affect local concentration of organisms (Owen 1981).
Moreover, considering the geographical location of
the study area and the amount of riverine discharge
into the BoB, it can be reasonably assumed that
alternative food sources, such as the detritus/organic
matter, brought in by the rivers may also be supporting
the sustenance of high biovolume of zooplankton
standing stock in the northern periphery of the eddy.
A study by Khodse et al. (2007) has also suggested
that detritus is an alternative food source and could
provide additional nutrition for mesozooplankton, par-
ticularly in the northern BoB, as some of the major
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rivers such as Ganges, Brahmaputra, Godavari and
Irawaddy discharge enormous volume of fresh water
into this region (Fig. 10).

Added to this, the deepening of the mixed layer (47
and 31 m in the periphery and core, respectively) might
have also supported the increase in the zooplankton
stock in the northern periphery. All these factors com-
bined seem to have enhanced the mesozooplankton
standing stock by a factor of 4 in the periphery
(0.77 ml m ) compared to the centre (0.19 ml m > at
18° 45’ N) and southern part of NCE (0.09 ml m > at 16°
45" N). In addition, the long duration of eddies
(~6 months), as evident in the present study, might also
be an influential factor, leading to the increase in the
mesozooplankton standing stock. As suggested by
Huntley et al. 2000, the life span of eddies play an
important role in the mesozooplankton distribution pat-
tern. The reason is that the life cycle of most of the
mesozooplankton community ranges approximately
from weeks to months, and therefore, the persistence
of NCE provides a favourable environment for their
enhanced growth and reproduction. Therefore, the per-
sistence of NCE in the region for approximately
6 months provided adequate time for zooplankton to
grow and reproduce, resulting in an increase in the
mesozooplankton standing stock. Consistent with the
present observation, earlier studies have reported en-
hanced mesozooplankton standing stock from the eddy

Fig. 10 Multi-year (2004-2008)
monthly mean Chl a for the
month of November. Black circle
represents the NCE region

Latitude (° N)

region in the BoB (Muraleedharan et al. 2007; Veronica
2008; Jyothibabu et al. 2008).

Copepoda, the most abundant group, also showed
discernible variation in abundance between the centre
and northern periphery (83 and 371 ind m >, respective-
ly). Agreeing with the present study, in general and
irrespective of seasons, Copepoda formed the predom-
inant group in the mesozooplankton community
(Achuthankutty et al. 1980). Besides Copepoda, the
detritivores/omnivores such as Appendicularia and pri-
mary carnivores like Amphipoda were also abundant at
the periphery. The gelatinous plankton-like medusae,
Siphonophora and Salpa also contributed significantly
to the mesozooplankton community in the northern
peripheral region. The diverse assemblage of
mesozooplankton groups at the edge of the doming
region gives an indication that it is a foraging area for
most of these groups and that had resulted in their
aggregation. Such accumulation of mesozooplankton
in the edges of eddies may be attributable to enhanced
feeding and growth (Hernandez-Leon et al. 2001).

Studies have shown that mesoscale features are im-
portant in controlling the structure and productivity of
marine planktonic communities (Owen 1981; Angel and
Fasham 1983; Mann and Lazier 1991; Olson 1991). The
changes observed in the zooplankton community struc-
ture and behaviour associated with longer duration of
NCE, which provide ample time for zooplankton

82 84 ‘ 86 88 90
Longitude (°E)
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Mesozooplankton biomass (ml m )

Column Chl ¢ (mg m?)

Surface Chl ¢ (mg m )

Position

Season

Table 2 Surface, column Chl @ and mesozooplankton biomass in the northern BoB during different seasons

Author

@ Springer

11.5

Summer 20° N and 88° E 0.26

Madhupratap

et al. 2003

Muraleedharan

5.01 0.67

0.14

17° 30’ N and 84° E

Summer

et al. 2007

Jyothibabu

628 mg C m 2 (average of Northern BoB)

0.2 (average of Northern BoB) 13 (average of Northern BoB)

17-20.5° N

Summer

et al. 2008

Veronica and

1200 mg C m 2 biomass reported higher than

20° N and 88° E

Summer

Muraleedharan et al. 2007

Ramaiah 2009
Prasanna Kumar

11.1

0.28

20° N and 88° E

Summer

etal. 2010
Prasanna Kumar

11.3

20° N and 88° E 0.13

Fall

et al. 2007

Jyothibabu

776 mg C m 2 (average of Northern BoB)

0.09 (average of Northern BoB) 9.42 (average of Northern BoB)

17-20.5° N

Winter

et al. 2008
Prasanna Kumar

222

20° N and 88° E 0.13

Winter

etal. 2010
Present study

223 0.71

20° N and 87° E 0.2

Winter

population to grow and reproduce could have important
implications on the trophic levels and functioning of
food webs. The feeding behaviour and availability of
preferential food would favour increase in abundance of
certain groups and simultaneous increase in transport of
organic matter. Moreover, the generation time of zoo-
plankton, especially that of Copepoda, which forms the
major component of mesozooplankton community, is
approximately 3 weeks, and therefore, the longer exis-
tence of the NCE could provide adequate time for such
groups to exhibit reproductive response (Angel and
Fasham 1983; Huntley et al. 2000).

The impact of the NCE on the biological production
in the present study and the positive impact of cyclonic
eddy during summer (chlorophyll and zooplankton) and
fall inter-monsoon and winter monsoon (primary) re-
ported from the same region are given Table 2. Further-
more, on considering the period of existence of the
NCE, the study implies that it can help in sustaining
high biological production for a longer period in an
oligotrophic region like the BoB. The positive effects
of such mesoscale processes suggest that the formation
of'the NCE and its prolonged existence from summer to
winter (July—December) could initiate significant bio-
logical pulses in the region, linking physical processes
and plankton production. Thus, the eddy prominence
(short and long lived) significantly influences the bio-
logical pump, thereby mediating the efficient transfer of
carbon from lower to higher trophic levels within a short
span of time. Even though there are reasonable evi-
dences supporting the proposed hypothesis, further
studies based on time series data and modelling efforts
would provide more insights on the biogeochemistry of
the region where the production is governed by episodic
events.

Conclusion

The presence of a cyclonic eddy (NCE) in the northern
BoB and its chemical and biological responses during
the early phase of winter monsoon are discussed. The
enhanced level of nutrients in the euphotic column due
to eddy pumping resulted in eight fold increase in Chl q,
and this led to high mesozooplankton standing stock.
The variation in the mesozooplankton community struc-
ture to the mesoscale process was evident, suggesting
that these organisms respond rapidly to the environmen-
tal changes. The persistent and longer duration
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(~6 months) of the NCE significantly influences the
biological production of the BoB from summer to win-
ter. Local wind stress curl and the resultant Ekman
pumping have been identified as the important forcing
mechanism for the formation of NCE during summer
(July—September). During fall and the start of winter, its
existence is being maintained by the westward propa-
gating semi-annual Rossby waves. The longer existence
of the NCE provided adequate time for zooplankton to
exhibit reproductive response, which resulted in notice-
able increase in secondary standing stock. The enhanced
biological production (primary and secondary) suggests
that the existence of NCE from summer to early winter
(July—December) could initiate significant biological
pulses in the region. These complex dynamics of NCE
undoubtedly influences the ecological structure of the
generally oligotrophic BoB making it locally biological-
ly ‘active’.
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